INTRODUCTION
============

Spectral analysis of the heart rate provides a noninvasive clinical method for assessing the neural input to the cardiovascular system^[@b1-kjim-8-2-78-4]--[@b6-kjim-8-2-78-4])^. Fluctuations of the heart rate at low frequency (\<0.15 Hz) can be mediated by both the vagus and the cardiac sympathetic nerves and may be related to baroreflex activity, temperature regulation, and/or maintenance of homeostasis during various cardiovascular stresses. Fluctuations at high frequency (0.15--0.40 Hz) are mediated almost entirely by the vagus and are usually directly associated with respiratory activity.

Acute myocardial infarction (AMI) is a critical manifestation of coronary artery disease. Sudden deaths frequently occur in AMI^[@b7-kjim-8-2-78-4])^. Actually, myocardial infarction is a major cause of sudden death^[@b7-kjim-8-2-78-4])^. Previous myocardial infarction could be identified in as many as 75% of sudden cardiac deaths^[@b7-kjim-8-2-78-4],[@b8-kjim-8-2-78-4])^. Physical exertions were related to sudden cardiac deaths ensuing on AMI^[@b9-kjim-8-2-78-4]--[@b12-kjim-8-2-78-4])^. In experimental studies, abnormalities in autonomic activity were noted during exercises in animals with AMI that were known to be susceptible to ventricular fibrillation^[@b13-kjim-8-2-78-4],[@b14-kjim-8-2-78-4])^. Therefore, an evaluation of the autonomic activity during exercise may have a prognostic significance in AMI.

Rapid changes in the autonomic activity during exercise have been little studied^[@b15-kjim-8-2-78-4])^. In the present study, we have assessed the rapid changes in autonomic nervous activity during and after exercise in AMI patients with a relatively good exercise capacity, using spectral analysis of R-R intervals of electrocardiogram (ECG).

MATERIALS AND METHODS
=====================

1.. Study Population
--------------------

The study population included 17 consecutive patients with AMI who could exercise for more than 9 minutes on a treadmill with the modified Bruce protocol in predischarge exercise test (7--10 days after the attack), and 21 healthy controls. The patients with AMI consisted of 15 males and 2 females. The controls were consecutively recruited from members of a local athletic club. To match their age with the patients, subjects older than 40 years of age were selected. They consisted of 11 males and 10 females. They appeared normal based on history, physical examination, routine chemistry, ECG and chest X-ray. AMI was diagnosed if 2 of the following 3 criteria were met^[@b16-kjim-8-2-78-4]^: (1) characteristic chest pain lasting longer than 20 minutes; (2) a sequential increase and decrease in plasma concentration of creatine phosphokinase-MB fraction; (3) development of new pathologic Q waves. Patients on digitalis and beta-blockers were not included in the study. Patients with pacemaker implantation and with arrhythmias unsuitable for the analysis of heart rate variability (HRV), such as atrial fibrillation and flutter, bundle branch block, and frequent ventricular premature contractions, also were not included.

2.. Exercise Testing
--------------------

All subjects gave informed consent and underwent symptom-limited upright exercise treadmill test. For an effective comparison of the 2 groups with different exercise capacities, different protocols were used; the modified Bruce protocol for the patients and the Bruce protocol for the controls. This approach could give a long ECG for spectral analysis of each stage in the patients. A rest before, and a recovery after the exercise, were carried out in the supine position.

Medications for the patients were withheld on the morning of the test. Three-lead ECG was cotinuously monitored before, during and after the exercise, and at each minute during exercise and recovery a 12-lead ECG was also obtained. Blood pressures were measured at rest, at the end of each exercise stage, and every 3 minutes after the exercise by the indirect cuff method. The recovery period was observed for 9 minutes after the exercise.

The end-points of the exercise were defined as angina pectoris of at least moderate severity, S-T segment depression of ≥2 mm, hypotension, ventricular tachycardia, excessive fatigue, short-ness of breath or weakness. The exercise ECG was interpreted as positive, if there was ≥1 mm S-T segment depression of the flat or downsloping variety in at least three consecutive beats at 80 msec after the J point (in the absence of baseline S-T segment changes or changes during standing and hyperventilation), or if there was ≥ 1.5 mm upsloping S-T segment depression. In patients with baseline S-T abnormalities, the exercise ECG was considered positive if there was an additional 2 mm S-T segment depression in the leads showing baseline changes.

The exercise ECG was interpreted as negative if there were no ischemic changes during exercise, provided that the patient achieved ≥85% of the maximum predicted heart rate. In patients with baseline electrocardiographic abnormalities (and no additional changes as described above) or in patients who failed to achieve 85% of maximum predicted heart rate (and no S-T depression), the exercise ECGs were interpreted as nondiagnostic (or inconclusive). Maximum workloads achieved (ml/kg/min) were calculated by the formula by Bruce et al^[@b17-kjim-8-2-78-4])^. They were divided by 3.5 to give the workload in METs (metabolic equivalents).

3.. Spectral Analysis of R-R Intervals
--------------------------------------

The CM1 and CM5 leads of the ECG were recorded on magnetic tape with a Marquette Holter recorder. For the spectral analysis of R-R intervals, the exercise and recovery periods were divided into 3 equal portions; early, mid-, and peak for the exercise, and early, mid-, and late for the recovery. Therefore, there were 7 stages in relation to the beginning and end of the exercise as follows: 1) rest before exercise, 2) early exercise, 3) mid-exercise, 4) peak exercise, 5) early recovery, 6) mid-recovery, and 7) late recovery. Power spectral analysis was then performed on R-R intervals of normal QRS complex for 120 consecutive seconds, using the following algorithm: Tachogram was made of R-R intervals of normal QRS complexes. When artifacts or atrial or ventricular premature complexes were encountered, the preceding and succeeding R-R intervals were excluded and replaced with the values of the next normal-to-normal coupling interval. The R-R interval function was sampled every 469 msec. Then, the mean R-R interval was subtracted from the sampled R-R interval data, a Hanning window was applied and fast Fourier transformation was computed. The data were presented after a log-transformation of the spectral powers because of their skewed distribution toward large values. If there were more than one intact 120-second "unit period" for a stage, the data of that stage was presented as the average of all the unit data. We selected the spectra between 0.04 and 0.15 Hz for the low frequency component and between 0.15 and 0.40 Hz for the high frequency component. The ratio of low to high frequency power was also calculated due to the fact that, in the presence of marked change in variance of R-R intervals, the use of the ratio is more appropriate to detect the state of the sympathovagal balance^[@b18-kjim-8-2-78-4])^.

4.. Statistical Analysis
------------------------

Data are presented as mean±standard error. Blood pressures were not entered into the analysis because accurate measurement of blood pressure by the indirect method is difficult during the treadmill exercise. For a comparison of the heart rate, averaged heart rates for 15 seconds of each stage were used. The heart beats for the average were sampled at the end of the rest for the "rest", at 3 minutes after the exercise for the early exercise, at mid-portion of the exercise for the mid-exercise, at the end of the exercise for the peak exercise and at the end of each recovery stage for the respective recovery stage. All the data were compared between the stages in both groups, between the control and AMI and between anterior and inferior infarctions, using the Wilcoxon signed-ranks test for the paired samples and the Mann-Witney U test for the unpaired ones. SPSS/PC+ version 4.0 was used for the analysis^[@b19-kjim-8-2-78-4])^. For an effective comparison of the trends between the patient group and the control, the spectral data were standardized into percentages based on the rest value (100%) since the rest values had a wide range but did not differ significantly between the 2 groups. A probability value of \<0.05 was considered statistically significant.

RESULTS
=======

The clinical data of both groups are listed in [Table 1](#t1-kjim-8-2-78-4){ref-type="table"}. There were 11 males and 10 females in the control and 15 male and 2 female patients in the AMI group. The patients consisted of 15 Q-wave and 2 non-Q wave infarctions and were divided into 8 anterior and 9 inferior infarctions. Their mean age was similar in both groups (control 52±1.5 versus AMI 53±2.4). Height and weight were also not significantly different.

1.. Exercise Test
-----------------

The exercise test was positive in 3 of the patients. It was negative in all cases of the control. The exercise duration was similar between the 2 groups (Control 777±30.2 sec versus AMI 839±41.8 sec) even though the subjects were on different protocols-the modified Bruce protocol for the AMI and the Bruce protocol for the control. Maximum workloads achieved were much higher in the control than in the AMI, as expected (13.1±0.52 METs versus 8.7±0.68 METs, p\<0.0005). The patients had a good exercise capacity with maximum work-loads being 5 to 13 METs. There was no significant difference in the resting heart rate between both groups and the changes in heart rate, during the exercise and recovery, followed the same pattern in both groups. The heart rate progressively increased during exercise (p\<0.001 for control and p\<0.01 for AMI, between each consecutive stage). During the early recovery, the heart rate decreased abruptly compared to that of the peak exercise (p\<0.001 for both groups). Thereafter, it progressively decreased until the end of data collection (p\<0.05 between early and late recoveries in both groups), but the heart rate during the late recovery was still higher than the resting value in both groups (p\<0.001).

2.. Spectral Analysis
---------------------

Changes in the spectral indices during exercise and recovery are presented in [Table 2](#t2-kjim-8-2-78-4){ref-type="table"} and [Fig. 1](#f1-kjim-8-2-78-4){ref-type="fig"}. During rest, there were no differences in both low and high frequency powers and their ratio between the control and AMI. As the exercise progressed, both low and high frequency powers progressively decreased until the mid-exercise in both groups, but there was no significant difference between the mid- and peak exercises in both groups. During the early recovery, the power increased abruptly compared to the peak exercise (low frequency, p\<0.001 for control, p\<0.01 for AMI; high frequency, p\<0.05 for both groups) although it remained significantly below the resting values (low frequency, p\<0.001 for control, p\<0.05 for the AMI; high frequency, p\<0.01 for control, p\<0.05 for AMI). As the recovery progressed, the power did not increase further until the end of recovery (except for a minor increase of low frequency power during the mid-recovery in the control). There were no statistically significant differences in raw data of both spectral indices throughout all the stages between the 2 groups, with an exception of a greater low frequency power during the early recovery in the patient (p\<0.05). To compare the trends of the changes between the control and the AMI groups, the data were standardized, as mentioned above ([Fig. 2](#f2-kjim-8-2-78-4){ref-type="fig"}). The result was essentially the same as with the raw data. However, high frequency power during the early exercise decreased to a greater extent in the AMI group than in the control (p\<0.05). As the exercise progressed, the indices decreased further, but the difference between the 2 groups became statistically insignificant. There was an increased low frequency power in the patients during the early recovery as compared with the control, even though it was statistically not significant (p=0.15). When the spectral indices were compared between patients with anterior and inferior infarctions, there were no differences throughout all the stages. The ratio of low to high frequency power progressively decreased during the exercise in the control (p\<0.01 for the rest versus the early exercise and the early exercise versus the mid-exercise, and p\<0.05 for the mid-exercise versus the peak exercise). In the AMI, the ratio decreased significantly only at the peak exercise (p\<0.01). During the recovery, the ratio increased abruptly to the level at the rest in both groups. When the ratio was compared between the 2 groups, the patients had a higher value during the peak exercise (p\<0.01) and the early recovery (p\<0.05).

DISCUSSION
==========

Arrhythmia is a major cause of death after myocardial infarction^[@b20-kjim-8-2-78-4])^. Abnormalities of the autonomic nervous system are intimately related to the genesis of the arrhythmias^[@b21-kjim-8-2-78-4],[@b22-kjim-8-2-78-4])^. Factors that increase the sympathetic activity enhance the likelihood of ventricular arrhythmias, while those that decrease sympathetic nervous system decrease the likelihood. On the contrary, an increase in the parasympathetic nervous system activity tends to prevent ventricular arrhythmias, and its decrease tends to promote them. Therefore, the evaluation of the autonomic activity in patients with AMI would have a prognostic value. Recently, it has been possible to assess the cardiac modulation of autonomic nervous system noninvasively by the analysis of HRV^[@b1-kjim-8-2-78-4]--[@b6-kjim-8-2-78-4])^. The assessment of HRV has been used for risk stratification after AMI^[@b23-kjim-8-2-78-4]--[@b27-kjim-8-2-78-4])^. Low HRV is related to increased risks of cardiac events. The analysis of these HRV data would give pertinent information on the pathophysiologic role of the autonomic nervous system in cardiac arrhythmias occuring after myocardial infarction.

Exercise capacity is one of the most important predictors for subsequent cardiac events following AMI^[@b28-kjim-8-2-78-4])^. Since exercise capacity of more than 9 minutes on the modified Bruce protocol is roughly equivalent to more than 5 METs, it can be said that most of our patients had a good exercise capacity^[@b17-kjim-8-2-78-4])^. Therefore, our patients group seemed to have a good prognosis, i.e., lower risk of sudden death^[@b29-kjim-8-2-78-4],[@b30-kjim-8-2-78-4])^. We evaluated the autonomic activity during exercise in these patients with low risk profile as compared with the control. Response of the autonomic nervous system during exercise were not extensively studied, especially in the patients with AMI^[@b15-kjim-8-2-78-4],[@b31-kjim-8-2-78-4]--[@b33-kjim-8-2-78-4])^. Robinson et al. and Savin et al. used autonomic blocking drugs to deduce the relative roles of the sympathetic and parasympathetic activities^[@b31-kjim-8-2-78-4],[@b32-kjim-8-2-78-4])^. They concluded that the principal cardiac autonomic activity during mild exercise, increased heart rate, was primarily due to a withdrawal of the vagal activity, whereas with more strenuous exercise, the increase in the heart rate was due to an increased sympathetic tone. During recovery from the exercise, the sympathetic activity decreased gradually while the vagal tone returned gradually. However they did not give any information regarding the rapid changes in the autonomic activity during physical activity and recovery. The spectral analysis of heart rate was used to assess these rapid changes in the autonomic nervous activity during and after exercise^[@b15-kjim-8-2-78-4],[@b33-kjim-8-2-78-4])^. Rimoldi et al. observed the changes in HRV during exercise in young champion swimmers^[@b33-kjim-8-2-78-4])^. Their findings suggested that there was a marked sympathetic predominance during mild levels of exercise and an elevated sympathetic activity during recovery. The elevated sympathetic activity seemed to outlast the cessation of the exercise. Arai et al. analyzed rapid modulation of cardiac autonomic activity during exercise by the spectral analysis of heart rate, in normal subjects, in patients with severe heart failure (NYHA class III, IV), and in patients with cardiac transplantation^[@b15-kjim-8-2-78-4])^. The vagal activity progressively decreased during exercise and gradually increased during recovery in normal subjects, whereas there was a marked reduction of the autonomic modulation of heart rate in patients with heart failure.

The spectral analysis of heart rate could provide quantitative information about the progressive changes in the sympathovagal balance controlling heart rate from rest to moderate exercise and after its cessation^[@b33-kjim-8-2-78-4])^. However, there might be limitations on its application to maximal exercise due to technical uncertainties of the method during the maximal exercise^[@b33-kjim-8-2-78-4])^. During the maximal exercise, several factors, such as markedly reduced R-R intervals, marked rise of blood pressure, markedly increased ventilation, etc, might modify the spectral distribution of R-R intervals. As the autonomic activity of maximal exercise might not be reflected in the spectral data in our subjects, we did not attempt to assess the data of maximal exercise in terms of the autonomic activity. Although we used the fast Fourier transformation method for the spectral analysis, the changes in HRV of our normal subjects were essentially the same as others who used autoregressive method^[@b15-kjim-8-2-78-4],[@b33-kjim-8-2-78-4])^. Low and high frequency powers decreased during the early exercise. During the early recovery, there were relatively abrupt increases in both frequency powers and the ratio of low to high frequency power. This reflects the predominant sympathetic activity immediately after exercise. The short-term high and low frequency powers of the patients during rest were not different from those of the control, suggesting a relatively normal pattern of cardiac autonomic activity at rest, although this short-term data may not be representative of long-term data. This is quite a contrast to the results of the study by Arai et al. on patients with severe heart failure^[@b15-kjim-8-2-78-4])^. There was a several decreased autonomic modulation at rest in those patients with severe heart failure. The trend of changes in HRV during exercise in our patients was also similar to that of the normal subjects. This might also be attributed to a relatively good exercise capacity of our patients. During the recovery, the trend was also similar to the control, except for low frequency power during the early recovery, with the raw data being higher in the patients. This suggests that the sympathetic predominance during this period is more intense in patients. When the standardized data were compared between the groups, the high frequency power, reflecting the vagal activity, decreased significantly more during the early exercise and the ratio of low to high frequency power was higher during the peak exercise and early recovery in AMI patients. The difference in the high frequency power was higher during the peak exercise and early recovery in AMI patients. The difference in the high frequency power during the early, mild exercise might be more evident if the fact is taken into consideration that the early exercise on the modified Bruce protocol is much milder than that on the Bruce protocol.

In conclusion, our data suggest that there are some abnormalities of cardiac autonomic modulation in patients of AMI with a good exercise capacity; a greater decrease of the vagal activity at low level exercise and a greater magnitude of sympathetic predominance during early recovery. This may be a good substrate for cardiac arrhythmias following AMI. However, the prognostic significance of this finding should be further studied.

![Example of changes in spectral plots during exercise](kjim-8-2-78-4f1){#f1-kjim-8-2-78-4}

![Comparison of standardized data of low and high frequency powers, and their ratio between the patients with acute myocardial infarction (AMI) and the control. Note a greater decrease in high frequency power during the early exercise and a higher ratio of low to high frequency powers during the peak exercise and the early recovery in the patients. E-EX=early exercise; E-RE=early recovery; L-RE=late recovery; M-EX=mid-exercise; M-RE=mid-recovery; P-EX=Peak exercise. ^\*^p\<0.05 versus control; ^\*\*^p\<0.01 versus control.](kjim-8-2-78-4f2){#f2-kjim-8-2-78-4}

###### 

Clinical Data of the Control and the AMI

                        Control (n=21)   AMI (n=17)
  --------------------- ---------------- ----------------------------------------------------------
  Age (Years)           52±1.5           53±2.4
  Sex (male/female)     11/10            15/2
  Height (cm)           163±1.7          166±1.7
  Weight (kg)           63±1.7           65±1.8
  Ex duration (sec)     777±30.2         839±41.8
  Max workload (METs)   13.1±0.52        8.7±0.68[^\*^](#tfn4-kjim-8-2-78-4){ref-type="table-fn"}

Figures are mean±standard error.

AMI=acute myocardial infarction; Ex=exercise; Max=maximum;

METs=metabolic equivalents.

p\<0.005.

###### 

Heart rate and power spectral data in the control (n=21) and AMI (n=17)

             Heart rate                                               Low frequency (LF)                                       High frequency (HF)                                         LF/HF                                                                                                                                                                                                                                              
  ---------- -------------------------------------------------------- -------------------------------------------------------- ----------------------------------------------------------- ------------------------------------------------------------ ------------------------------------------------------------ ------------------------------------------------------------ ----------------------------------------------------------- ----------------------------------------------------------
  Rest       71±1.5                                                   67±3.7                                                   4.77±0.25                                                   5.21±0.32                                                    3.85±0.28                                                    4.02±0.31                                                    1.32±0.07                                                   1.32±0.06
  Exercise                                                                                                                                                                                                                                                                                                                                                                                                                                    
    Early    99±3.9[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}    97±3.6[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}    3.78±0.29[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}    3.75±0.32[^2^](#tfn8-kjim-8-2-78-4){ref-type="table-fn"}     3.49±0.26[^2^](#tfn8-kjim-8-2-78-4){ref-type="table-fn"}     3.11±0.28[^2^](#tfn8-kjim-8-2-78-4){ref-type="table-fn"}     1.10±0.05[^2^](#tfn8-kjim-8-2-78-4){ref-type="table-fn"}    1.22±0.06
    Mid      122±3.7[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}   104±3.6[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}   2.07±0.19[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}    2.68±0.25[^2^](#tfn8-kjim-8-2-78-4){ref-type="table-fn"}     2.35±0.16[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}     2.28±0.19[^2^](#tfn8-kjim-8-2-78-4){ref-type="table-fn"}     0.89±0.07[^2^](#tfn8-kjim-8-2-78-4){ref-type="table-fn"}    1.20±0.10
    Peak     173±2.3[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}   143±4.9[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}   1.80 ±0.18                                                  2.45±0.27                                                    2.47±0.17                                                    2.45±0.23                                                    0.71±0.044[^1^](#tfn7-kjim-8-2-78-4){ref-type="table-fn"}   0.99±0.06[^1^](#tfn7-kjim-8-2-78-4){ref-type="table-fn"}
  Recovery                                                                                                                                                                                                                                                                                                                                                                                                                                    
    Early    102±2.7[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}   88±4.4[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}    3.13±0.19[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}    4.05±0.38[^2^](#tfn8-kjim-8-2-78-4){ref-type="table-fn"}     2.96±0.21[^1^](#tfn7-kjim-8-2-78-4){ref-type="table-fn"}     3.04±0.30[^1^](#tfn7-kjim-8-2-78-4){ref-type="table-fn"}     1.10±0.05[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}    1.36±0.07[^3^](#tfn9-kjim-8-2-78-4){ref-type="table-fn"}
    Mid      94±2.1[^+^](#tfn12-kjim-8-2-78-4){ref-type="table-fn"}   83±3.9[^+^](#tfn12-kjim-8-2-78-4){ref-type="table-fn"}   3.63±0.19[^+^](#tfn12-kjim-8-2-78-4){ref-type="table-fn"}   3.96±0.38[^\#^](#tfn11-kjim-8-2-78-4){ref-type="table-fn"}   3.03±0.21[^\*^](#tfn10-kjim-8-2-78-4){ref-type="table-fn"}   3.05±0.29[^\*^](#tfn10-kjim-8-2-78-4){ref-type="table-fn"}   1.26±0.07                                                   1.32±0.08
    Late     93±1.9[^+^](#tfn12-kjim-8-2-78-4){ref-type="table-fn"}   81±3.6[^+^](#tfn12-kjim-8-2-78-4){ref-type="table-fn"}   3.02±0.21[^+^](#tfn12-kjim-8-2-78-4){ref-type="table-fn"}   3.59±0.33[^\#^](#tfn11-kjim-8-2-78-4){ref-type="table-fn"}   2.26±0.23[^+^](#tfn12-kjim-8-2-78-4){ref-type="table-fn"}    2.70±0.28[^\#^](#tfn11-kjim-8-2-78-4){ref-type="table-fn"}   1.44 ±0.11                                                  1.45±0.13

Figures are mean ±standard error.

AMI = acute myocardial infarction.

p\<0.05 versus the previous stage;

p\<0.01 versus the prevous stage;

p\<0.001 versus the previous stage;

p\<0.05 versus the rest;

p\<0.05 versus the rest;

p\<0.001 versus the rest.
